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Abstract

The paper investigates potentials and challenges during the interpretation of prehistoric set-

tlement dynamics based on large archaeological datasets. Exemplarily, this is carried out

using a database of 1365 Neolithic sites in the Weiße Elster river catchment in Central Ger-

many located between the southernmost part of the Northern German Plain and the Central

Uplands. The recorded sites are systematically pre-processed with regard to their chronol-

ogy, functional interpretation and spatial delineation. The quality of the dataset is reviewed

by analyzing site distributions with respect to field surveys and modern land use. The Ran-

dom Forests machine learning algorithm is used to examine the impact of terrain covariates

on the depth of sites and pottery preservation. Neolithic settlement dynamics are studied

using Site Exploitation Territories, and site frequencies per century are used to compare the

intensity of land use with adjacent landscapes. The results show that the main trends of the

Neolithic settlement dynamics can be derived from the dataset. However, Random Forests

analyses indicate poor pottery preservation in the Central Uplands and a superimposition of

Neolithic sites in the southernmost part of the Northern German Plain. Throughout the Neo-

lithic the margins between soils on loess and the Weiße Elster floodplain were continuously

settled, whereas only Early and Late Neolithic land use also extended into the Central

Uplands. These settlement patterns are reflected in the results of the Site Exploitation Terri-

tories analyses and explained with environmental economic factors. Similar with adjacent

landscapes the Middle Neolithic site frequency is lower compared to earlier and later

periods.

1 Introduction

Humans always depended on natural resources and environmental conditions and altered

Holocene landscapes themselves by different activities such as settlement and infrastructure
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construction, fire ignition, tilling, herding or mining on various time scales [1–4]. Therefore,

the diachronic reconstruction of former human activity in a region is crucial to understand

former human-environmental interactions. There are two different methodological

approaches to reconstruct former human impact in a region: (i) Using geoscientific methods,

regional human impact is often derived from sediment archives using paleoenvironmental

proxies such as pollen, biomarker, charcoal abundance or gastropods [5–8]. However,

although such studies often show a high temporal resolution, upscaling is difficult and they

hardly give information about spatial patterns of former human activity. (ii) Spatially resolved

information can be obtained by the systematic study of regional settlement patterns based on

archaeological data [9–12]. In Germany, a systematic recording of prehistoric sites in invento-

ries, catalogues and maps started at the beginning of the 20th century against the background

of an increasing institutionalisation of archaeological research and heritage management [13–

15]. This enabled archaeologists to conduct large-scale diachronic studies, i.e. to investigate

the prehistoric settlement dynamics in various landscapes by comparing maps with site distri-

butions from different time periods [16, 17]. Most of these studies used archaeological and

geographic data to discuss long-term changes in the interactions between early farming socie-

ties and their environments. Usually, this was achieved by plotting archaeological sites against

different types of soils and land cover [18–28].

In principle, this research approach is still being pursued to the present day. However, the

methods applied have been improved: (1) additional terrain covariates are used to investigate

settlement patterns. Until today, the most frequently studied terrain covariates include eleva-

tion, relief position, slope, exposition, distance to rivers, precipitation, temperature and soil

varieties [12, 29]. Occasionally, soil fertility, usable field capacity as well as cation exchange

capacity and the suitability of a soil for ploughing are taken into account as well [30–32]. (2)

Furthermore, there was a shift towards statistical analyses to improve the reproducibility of

research results [33–37]. (3) In addition, standard methods have been established to enable an

evaluation of the representativity of archaeological maps. These include a semi-quantitative

review of the local research history, a discussion of site distributions with respect to modern

land use, the nature and intensity of archaeological field work as well as statistical investiga-

tions on the impact of erosion, colluviation and weathering conditions on the preservation of

prehistoric sites [38–40]. Furthermore, comparisons of archaeological site distributions to ran-

dom point distributions as well as (predictive) modelling approaches are applied to the study

of former settlement dynamics [11, 37, 41–43]. (4) Finally, there was a shift from spatial analy-

ses based on point coordinates to studies based either on Site-Catchment Analysis or Site

Exploitation Territories (SET) [12, 44–51].

Up to now, a large number of diachronic studies dealing with long-term human-environ-

ment interactions between the Neolithic and the Middle Ages has been carried out (Fig 1).

However, these are distributed unevenly across Germany, with a focus on landscapes along the

rivers Danube [10, 12, 52, 53] and Main [9, 29, 54, 55] as well as in Central Germany [33, 41,

56, 57]. So far, only one such study has been carried out in the Northern German Plain [58].

Aside from their uneven spatial distribution, it is striking that most studies hardly refer to each

other, e. g. regional results are rarely discussed in the context of supra-regional developments

[10, 12, 29, 32].

The present study was carried out in the frame of an interdisciplinary geoarchaeological

research project that systematically investigates the interplay between the Holocene geomorpho-

logical floodplain and slope dynamics, variations of the prehistoric and medieval settlement

dynamics and climate changes in large parts of the loess-covered catchment of the Weiße Elster

river in Central Germany [64, 65]. We present first results from the large-scale prehistoric to

medieval database that was built up during this project, and discuss potentials and challenges
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during the interpretation of former settlement data exemplarily for the Neolithic. Furthermore,

we compare our results with observations from similar studies in adjacent landscapes. Accord-

ingly, the research presented in this paper focuses on the following objectives:

Fig 1. Diachronic studies with a focus on statistical analyses of long-term human-environment interactions

between the Neolithic and the middle ages in Germany. (1) Region between Lake Schwerin and Stepenitz [58], (2)

north-west Saxony [57], (3) former district of Riesa-Großenhain [56], (4) Gotha landscape [33], (5) Weiße Elster river

catchment (present project), (6) widening of the Elbe valley at Dresden [41], (7) northern Wetterau [59], (8) district of

Groß-Gerau [29], (9) north-western Main triangle [55], (10) eastern landscape of Lower Franconia [54], (11) southern

Main triangle [9], (12) Brenz-Kocher valley in the eastern Swabian Jura [10], (13) lower valley of the Altmühl river

[53], (14) Danube valley near Regensburg [52], (15) southern Upper Rhine valley [32] and (16) the Baar and adjacent

landscapes [12]. Furthermore, the three main landscape units of Germany are shown. Rivers are derived from the

European Catchments and Rivers network system [60]. The topography is based on the SRTM 90 m Digital Elevation

Database version 4.1 [61–63].

https://doi.org/10.1371/journal.pone.0265835.g001
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• assessing the current state of knowledge on the Neolithic chronology and culture sequence

in the study area by reviewing the local history of (field) research

• evaluating Early, Middle and Late Neolithic site distributions with regard to archaeological

field surveys and modern land use

• analysing the interrelation between several terrain covariates, and the depth of Neolithic

sites as well as local conditions for the preservation of Neolithic pottery and stone tools, to

assess possible influences of geomorphological terrain dynamics and weathering on the

archaeological record

• identifying possible biases in the archaeological record

• analysing Early, Middle and Late Neolithic settlement dynamics by using site densities, SETs

and site frequencies

• discussing the results in the light of observations from earlier studies in Central Germany

2 Study area

The study area is situated in Central Germany along the borders of the federal states Saxony,

Saxony-Anhalt and Thuringia (Fig 2). It is defined by the immediate catchment of the Weiße

Elster river between the city of Leipzig in the north, and the German-Czech border in the

Elster Mountains (German: Elstergebirge) in the south. It covers an area of approx. 3026 km2.

Geographically, it is divided into two distinctive landscapes: the northern part belonging to the

southernmost part of the Northern German Plain (German: Norddeutsches Tiefland), and the

southern part in the Central Uplands (German: Mittelgebirgsschwelle) (S1 Fig) [66–69]. Geo-

logically, the southern part of the Northern German Plain correlates with Cenozoic deposits,

whereas Mesozoic to Palaeozoic formations form the southern Central Uplands [70–72]. In

the northern part, the average elevation ranges between 100 and 200 m above sea level (a.s.l.),

and gently rolling slopes, fertile chernozem/phaeozem and luvisol soils on loess are found [73–

75]. The mean annual air temperatures range around 10˚C and the mean annual precipitation

range between 550 and 650 mm [76, 77]. In the southern Central Uplands, the elevation rises

up to 700 m a.s.l., resulting in lower mean annual air temperatures (9–7˚C), increasing

amounts of annual precipitation (up to 1050 mm) as well as longer periods of winter and frost

[76–79]. Here, the topography is more accentuated with deeply cut river valleys and steep

slopes. Furthermore, the landscape upstream is less favourable for agricultural use due to low-

yielding dystric cambisols and stagnic gleysols towards higher altitudes [80, 81].

3 Data and methods

3.1 Data

3.1.1 Archaeological dataset and (geo-)statistical tools. To study prehistoric and medie-

val settlement dynamics in the study area, an archaeological database was built up. We

recorded ca. 3100 sites between 2017 and 2020 using archaeological publications and local area

files (German: Ortsakten) from the Saxonian Archaeological Heritage Office, the State Office

for Preservation of Monuments and Archaeology Saxony-Anhalt, and the Thuringian State

Office for Heritage Management and Archaeology. The database covers the time span from

the Palaeolithic until 1200 CE, including 1365 sites that can be used to analyse Early, Middle

and Late Neolithic settlement dynamics (S1 Dataset). These were investigated using the System

for Automated Geoscientific Analyses [84] and QGIS [85].
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3.1.2 Pre-processing of archaeological data. The identification of changes in the prehis-

toric settlement pattern requires archaeological data with a high chronological resolution.

Therefore, the dating of each site was registered on different levels: epoch, period, phase and

sub-phase [86, 87]. The archaeological sites were classified according to the chronological sys-

tem for the Neolithic in Central Germany [88–98] (Fig 3).

To analyse the spatial distribution of the recorded sites, we distinguished between sites with

an accurate and a symbolic location. The first category applies to sites that can be located in

the field. Symbolic coordinates were assigned to sites that cannot exactly be located due to

missing or poor geographic information. In these cases, either the presumed location or the

church of the village in whose district the site was discovered was taken as the point of refer-

ence [99].

Based on the information given in the local area files and literature, three types of sites were

differentiated: (I) Settlements are indicated by pits, post-holes, grinding stones, loom weights,

spindle whorls or pottery fragments. (II) Burial sites were defined by the presence of human

Fig 2. Study area with respect to borders of federal states, international (intl.) borders, local topography and large

urban areas mentioned in the text. The outlines of the study area were extracted from the Catchment

Characterisation Model database [82]. The political borders are drawn according to the Saxon State Office for

Environment, Agriculture and Geology, the Saxony-Anhalt State Office for Surveying and Geoinformation and the

Thuringian State Office for Land Management and Geoinformation. Rivers and urban areas are derived from the

urban morphological zones dataset and the European Catchments and Rivers network system [83]. The topography is

based on the SRTM 90 m Digital Elevation Database version 4.1 [61–63]. Topography and rivers have been modified

according to older topographic maps (S2 Fig).

https://doi.org/10.1371/journal.pone.0265835.g002
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remains. (III) Stray finds included single objects or assemblages with little or no context infor-

mation. Accordingly, these finds may be either lost objects or material remains from settle-

ments or burial sites that have not yet been identified as such [58, 100]. Therefore, a site was

registered twice in our database whenever a burial was documented in a settlement.

Due to frequent construction measures and/or archaeological field work in a relatively

small area, the residuals of a settlement or burial site may be discovered in multiple spots close

to each other. If each of these archaeological observations were taken as hints to an indepen-

dent site, the erroneous impression of a densely settled area might emerge, when in fact only

the intensity of archaeological observations is reflected. Therefore, we aggregated sites that (I)

were less than 250 meters apart from each other, (II) associated with the same or a compatible

dating (e.g. “Neolithic” + “Neolithic”, Early Neolithic + “Neolithic”, etc.), and (III) interpreted

in the same or a compatible manner (e.g. settlement + settlement, settlement + stray finds,

etc.). Since the actual spatial extent of prehistoric sites remains unknown until they have been

excavated individually, it is important to acknowledge that this aggregation is ultimately based

Fig 3. Terminology and chronology of Neolithic periods in Germany. For the Neolithic in Central Germany a

selection of characteristic pottery and stone tools is added, drawings by Jan Miera.

https://doi.org/10.1371/journal.pone.0265835.g003
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on an arbitrarily chosen standard. Nonetheless, without this measure analyses of site distribu-

tion patterns are prone to result in an overrating of geographical parameters [10, 32, 101, 102].

3.1.3 Pre-processing of spatial data. With respect to the spatial resolution of the archaeo-

logical data, continuous raster data and categorical grids derived from vector data were resam-

pled to a resolution of 250×250 m (S1 Table). In addition, corrections of the applied digital

elevation model (DEM) [81] were necessary, because the topography south of Leipzig has been

altered by modern open-cast mines [103, 104]. Therefore, we georeferenced pre-mining topo-

graphic maps (S2 Table) and digitized their contour lines. Thus, we were able to remove rem-

nants from open-cast-mines such as pits, fills or mounds in an area of approx. 640 km2 (S2

Fig). In addition, the data for water bodies and rivers were edited based on the georeferenced

older topographic maps. This was necessary since several river courses were altered as a result

of the open-cast-mines, and because the datasets also contained artificial water bodies that can-

not be used for an analysis of the prehistoric settlement dynamics (S3 Fig). The result is an

approximation to prehistoric and medieval conditions, as the exact course of each river is sub-

ject to continuous changes [105, 106].

3.1.4 Archaeological source criticism. To evaluate Neolithic site distribution patterns

and thus the reliability of the results that can be derived from them, an analysis of the archaeo-

logical data is necessary. In principle, it must be assumed that the distribution of prehistoric

sites is influenced by (I) archaeological filters, i.e. the type and intensity of archaeological field

work, (II) geographical filters such as modern land use, erosion, colluviation or weathering

and (III) culturally intrinsic filters, i.e. the actual understanding of land use strategies in prehis-

tory. The aim of archaeological source criticism is therefore to approximate the degree of dis-

tortion caused by the first two filters, and thus to evaluate the overall quality of the

archaeological database [86, 107–109].

3.2. Archaeological filters

3.2.1 State of local research. The local state of archaeological research will be presented

in the form of key data describing the basic composition of the Neolithic record according to

our database. These include the number of recorded sites with respect to their dating, the

interpretation of their individual function, and the accuracy of their location as well as their

status of publication [9–12, 32, 53–59].

3.2.2 Intentionality of site discoveries. It is possible to distinguish between intentional

and non-intentional modes of site discoveries: The first category includes archaeologically

motivated activities such as excavations, field surveys or aerial photography. In the second cat-

egory, activities without archaeological motivation are subsumed, including construction mea-

sures, the extraction of raw materials (mining) or activities related to agriculture and forestry

[110]. The discrimination between these categories is important, because non-intentional

modes of discovery represent a random sample with regard to the spatial and chronological

distribution of prehistoric sites. Accordingly, the analysis of the intentionality is crucial for the

understanding of the representativeness of the dataset [9].

Furthermore, territories of individual collectors might affect site distribution patterns.

Therefore, it is necessary to discuss the Neolithic site distribution with respect to areas that

were investigated by field surveys or aerial photography [10, 12, 32, 39]. Taking into account

individuals who discovered more than nine sites [100], we modelled the territories covered by

each method separately from each other on the basis of the largest empty circle [111–113].

This discrimination was done because aerial photography may result in the discovery of

archaeological features on or slightly below the recent surface. However, in contrast to field

surveys, this method cannot contribute to the discovery of small stone tools and pottery
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fragments. For each approach, the investigated territories were described by 1.5 and 2.5 km

isolines. It should be borne in mind that the modelled territories were derived from data of

surveys that successfully resulted in site discoveries. Accordingly, the modelled territories are

not necessarily congruent with the areas actually surveyed, but rather smaller.

3.3 Geographical filters

3.3.1 Site distribution in relation to archaeological site visibility and preservation of

material remains. Local geomorphic terrain dynamics are known to affect archaeological

site visibility and the preservation of material remains: Firstly, colluviation and alluviation can

lead to the superimposition and thus the protection of prehistoric sites at the cost of their visi-

bility [38, 114, 115]. This can be discussed by using information about the level of an archaeo-

logical site below the recent surface that can be drawn from the activity leading to its discovery

[9, 39, 58, 59]. Secondly, erosion may lead to the uncovering of prehistoric sites, resulting in an

improved accessibility at the cost of reduced preservation conditions or even their complete

destruction due to an increased exposure to weathering and ploughing [107, 108]. To examine

this aspect, we differentiated between sites where pottery (and stone tools) were recorded, and

those where only stone tools were discovered.

To discuss possible effects of terrain covariates (S1 Table) on the depth of Neolithic sites as

well as the presence/absence of pottery, we used the Random Forests (RF) modelling algo-

rithm, i.e. an ensemble learning method for classification and regression [116]. RF is suited for

spatial archaeological research and predictive modelling, because it can handle complex spatial

and contextual datasets with weak, imbalanced or noisy inputs. RF consists of a large number

of individual decision trees that form an ensemble, where each individual tree is based on a

distinct set of binary decision rules. In addition, RF reduces over-fitting by averaging (regres-

sion) or aggregating by majority vote (classification) of all individual tree results [117, 118]. A

description of the RF algorithm is provided below:

i. Initially, a random subset of the original dataset was generated by using the bootstrap

method (random sampling with replacement) for each individual tree. Thus, we did not use

the entire dataset for learning, but the same number of samples. Usually, the original dataset

is represented in the sample set with ~63% of unique and ~37% of redundant samples.

Thus, the remaining samples not represented in the training set are called out-of-bag (OOB)

samples and used for validation.

ii. A second-level random component was used to build the individual tree. Therefore, at each

node the best binary split on the training data was performed, based on a random subset of

predictors (S1 Table). The number of covariates (mtree) can be chosen by the user. How-

ever, Breiman [116] suggests to use the square root of the number of predictors. Based on a

binary recursive partitioning method a distinct set of binary rules is generated within all

individual trees, with the aim to separate each single class (classification case) in a terminal

node. This is done until no further partitioning is possible, e.g. a minimum set of samples is

represented in a node or the node contains only samples with one single class label (perfect

split).

iii. If used for a classification, the results from each decision tree were aggregated on the basis

of a majority vote.

The algorithm provides a distinct set of accuracy measurements to evaluate the perfor-

mance of the RF model [119]. These are based on the confusion matrix (Fig 4) [120], which

consists of four specific conditions (true positive, false positive, false negative, true negative)
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related to the predicted OOB output. This allows a detailed analysis of the classification accu-

racy. To avoid misinterpretation, we used different quality indices to evaluate model accuracy

and predictive power: OOB error rate [Formula 1], Cohen’s Kappa score [Formula 2], Recall

[Formula 3], Precision [Formula 4] and F1-measure [Formula 5].

The out-of-bag error rate is calculated as follows:

OOB error rate ¼
sum of mis� classified observations
sum of observations in training set

ð1Þ

The Kappa value measures the agreement between predictions and observed cases. This is

achieved by comparing the overall accuracy to an expected random chance accuracy. There-

fore, the Kappa score is particularly useful on classifications with imbalanced data [121–124].

The results range from -1 to 1 with the latter being a perfect classification, followed by strong

agreement (>0.8), substantial agreement (between 0.4 and 0.8) and poor agreement (<0.4). A

score of 0 indicates that the classification is as good as random. Values below 0 point to no

effective agreement or even disagreement [125, 126].

Cohen’s Kappa is calculated using the following formula [124]:

k ¼
PrðaÞ � PrðeÞ

1 � PrðeÞ
ð2Þ

Where Pr(a) represents the actual observed agreement (true positives) and Pr(e) chance

agreement.

Pr eð Þ ¼
cm1�rm1

n

� �
þ cm2�rm2

n

� �

n

Where cm1 represents column 1 marginal, cm2 column 2 marginal, rm1 row 1 marginal,

rm2 row 2 marginal and n the number of observations.

In addition to the described measures of agreement in a categorical use-case (classification),

we used additional validation measures by deriving so-called measures of effectiveness such as

recall, precision and the F1-measure based on the confusion matrix, which are important mea-

sures for information retrieval [120, 127].

Recall (Rc) describes the relation between positive (true positive: TP) and negative (false

negative: FN) predicted class values, and thus the probability that a pre-classified sample is

actually predicted, i.e. it represents underestimation. In a prediction without erroneous

Fig 4. Random forests confusion matrix according to van Rijsbergen [120].

https://doi.org/10.1371/journal.pone.0265835.g004
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assignments (FN), the value is 1. The recall is calculated as follows:

Rc ¼
TP

TPþ FN
ð3Þ

In contrast, precision (Pc) describes the probability that an estimated prediction result is

actually also pre-classified within the training dataset (true negative: TN), i.e. it represents

overestimation. In a prediction without erroneous assignments (FP), the value is 1. The preci-

sion is calculated as follows:

Pc ¼
TP

TPþ FP
ð4Þ

To quantify the overall model quality in a composite way the F1-measure is frequently used.

The F1-measure represents the harmonic mean between under- and overestimation, and is cal-

culated as follows:

F1 ¼
2 � Pc � Rc
Pcþ Rc

ð5Þ

Additionally, RF provides a measure of importance of each covariate by calculating their

mean decrease accuracy [Formula 6], i.e. the impact of each variable on the prediction error

when it is not taken into account [127, 128]. This enables in-depth analysis of interaction from

the covariate space related to our classification problem. Breiman [116] suggests the difference

in prediction accuracy before and after permuting a single covariate, averaged over all trees, as

a measure for variable importance. The mean decrease of accuracy is calculated as follows

[128]:

VIðtÞ Xj

� �
¼

P
Iðyi ¼ yðtÞi Þ
j�BðtÞj

�

P
Iðyi ¼ yðtÞi;pjÞ
j�BðtÞj

ð6Þ

where �BðtÞ is the out-of-bag sample for a tree, yðtÞi ¼ f ðtÞðxiÞ the predicted class for observation i
before, and yðtÞi;pj¼ f ðtÞðxi;pjÞ the predicted class for observation i after permuting its value of vari-

able X j, i.e. with xi;pj ¼ ðxi;1; . . . ; xi;j� 1;xpjðiÞ;j; xi;jþ1; . . . ; xi;pÞ:

VI Xj

� �
¼

P
VIðtÞðxjÞ
ntree

Following Breiman [116], we used the square root of the number of predictors (mtree) and

a maximum number of individual trees of 1500. Even though the general precondition of a RF

algorithm is robust against multi-collinearity [116, 129, 130], we only used covariates with cor-

relation of less than 0.8 (S1 Table; S4 Fig). To avoid statistical coincidence, all analyses were

repeated ten times to calculate average values for the OOB error rate, Kappa, Precision, Recall

and F1-measures. The statistical analyses were carried out using the packages randomForest
[131] and caret [132, 133] in R version 3.6.3 [134].

3.3.2 Site distribution in relation to modern land use. Various large-scale studies

showed that modern land use has an impact on the accessibility and preservation of prehistoric

sites [10–12, 32, 39, 42, 135–137]. In recent years, CORINE Land Cover (CLC) raster data have

been successfully used to evaluate the relationship between archaeological site distribution pat-

terns and modern land use [10–12, 42]. Based on satellite imagery, the dataset originally dis-

cerns 44 classes of modern land use with a spatial r esolution of 100×100 meters [83].

However, it is recommended to aggregate these classes for archaeological purposes [10, 12,
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100]. Here, we distinguished seven types of land use: urban areas, forests, arable land, grass-

land, water bodies, bogs or swamps, and landfills or dumpsites.

We applied the Chi-squared test to assess the interrelation between the relative frequency of

land use classes and Neolithic sites. This was achieved by calculating the number of sites

expected to be affiliated with each land use class, and then comparing these values with the

observed distribution of Neolithic sites over these classes. The significance of the deviations

between the expected and observed sites was described by the χ2 value, calculated as follows:

x2 ¼
Xk

i¼1

ðOi � EiÞ
2

Ei

Where k is the number of categories, Oi the observed number of cases in category i, and Ei

the expected number of cases in category i. The sum of all χ2 values was compared with the

critical χ2 value p [138–140].

3.4 Neolithic settlement dynamics

3.4.1 Site frequency. Due to the fact that the duration of each Neolithic period varies, we

used the site frequency per century (German: Fundstellenfrequenz) to enable a comparison of

the settlement intensity between the Neolithic periods. It was calculated as follows [34, 48]:

Frequency per century ¼
Sn
Pn
� 100

Where Sn is the number of sites and Pn is the duration of the respective period in years.

The site frequency can be used to compare varying settlement intensities on a supra-

regional scale [12, 39, 141]. However, the comparability between individual study areas is lim-

ited due to their varying size, which in turn affects the number of sites that can be recorded.

To improve the comparability of study areas of different sizes, we calculated the average site

frequency for an area of 250 km2. The site frequency was processed as follows:

Average site frequency per 250 km2
¼

Fr
Area
250

� �

Where Fr is the local site frequency and Area the spatial extent of the respective study area

in km2.

3.4.2 Site distribution and density. To describe the spatial distribution and density of the

recorded Neolithic sites, we calculated 1.5 and 2.5 km isolines based on the largest empty circle

between sites with accurate coordinates [111–113]. This approach allowed the identification of

core areas of Neolithic settlement on an empirical basis for each period. By comparing the

extent and distribution of these areas, the settlement dynamics can be derived [142, 143].

3.4.3 Site Exploitation Territories (SET) and settlement dynamics. We applied the con-

cept of SET to investigate the Neolithic settlement dynamics. This concept was developed to

study archaeological sites in the context of their environment [144–146]. The term refers to a

time-distance based territory that is presumably visited for daily subsistence [147–149].

Accordingly, the local topography (slope) influences the shape of SETs. In landscapes with

gently rolling slopes SETs tend to circular shapes, whereas due irregular forms are more com-

mon in mountainous regions [113, 150, 151].

SETs are based on the surmise that each site has an optimal geographic location with

respect to its economic function. Consequently, it is expected that mobile groups whose subsis-

tence was pasture farming preferred locations favourable for grazing, whereas settlements
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from sedentary societies are expected to be located in areas suitable for agriculture [147, 149,

152]. With respect to anthropological field studies, it is assumed that the intensity of resource

and land exploitation decreases with increasing distance from the settlement. In the case of

sedentary societies, the territory used on a daily subsistence basis is assumed to be in the area

that can be reached within one hour’s walking distance [147–149, 152]. However, the most

important activities related to arable farming are considered to take place in the immediate

vicinity of a settlement, i.e. in an area that can be reached within 10 to 15 minutes walking

[148, 149, 153–156]. In our study area this was confirmed by investigations of Neolithic wells

from Eythra and Droßdorf. Due to good preservation of organic material, remains of culti-

vated plants, field weeds and insects were discovered in the wells that indicate agricultural

activities in the direct vicinity of the settlements [157–159].

We modelled for all Neolithic sites with accurate coordinates their individual SET that can be

reached within ten minutes [160]. The script implements the hiking function developed by

Waldo Tobler [161] which has been used before in archaeological studies [162, 163]. This function

is an empirical model based on marching data of the Swiss military, taking into account multiple

factors such as vegetation, individual physical fitness, length and quality of the path, altitudinal dif-

ference, weather conditions, darkness as well as marching competence and luggage [164].

Here, SET modelling was based on processed SRTM DEM data with a resolution of

250×250 meters, an estimated walking distance of 5 km/h on flat terrain as suggested by Tobler

[161], and a damping of walking speed on slopes with an inclination of>15˚ [12]. The settle-

ment dynamics were investigated by comparing two sets of grid statistics for each period: one

derived from all sites dating to the respective period, and the other derived exclusively from

settlements.

To further characterize the SETs, the following terrain covariates were used: area covered

by the SET, elevation above sea level, slope and valley depth (i.e. height above nearest river) as

derived from the processed DEM, river distance derived from the processed data and percent-

age of soils on loess (S1 Table). All these terrain covariates are subject to both natural and

anthropogenic changes [105, 106, 165–167]. In an ideal scenario, GIS analyses of prehistoric

site distributions are based on individual datasets that are representative for each period. How-

ever, as there are no datasets that meet this standard, archaeological studies have to rely on

available data [10, 12, 32]. With regard to the preceding remarks, the results of the SET analy-

ses are to be understood as results of model calculations. They represent an approximation to

archaeological data, and provide a basis for the discussion of settlement dynamics.

4 Results

4.1 Archaeological filters

4.1.1 State of local research. Following the systematic processing of all available informa-

tion from the literature and the local area files, our record of the Neolithic in the study area

consists of 1365 sites, including 361 Early, 82 Middle and 298 Late Neolithic sites (S3 Table).

Due to the rather unspecific nature of the retrieved artifacts, the remaining 624 sites can only

be described as “Neolithic”. The Early Neolithic is represented by 208 settlements, 8 burial

sites and 145 stray finds. In contrast, 47 settlements, 19 burial sites and 16 stray finds are asso-

ciated with the Middle Neolithic. There are 74 settlements, 96 burial sites and 128 stray finds

dating to the Late Neolithic. In total, 769 Neolithic sites are exactly located, including 340 set-

tlements, 123 burial sites and 306 stray finds. Symbolic coordinates were assigned to 70 settle-

ments, 26 burial sites and 500 stray finds (S3 Table). Not more than 703 sites have been

published until today, which underlines the paramount value of using local area files in large-

scale studies (S4 Table).
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4.1.2 Intentionality of site discoveries. The mode of discovery is documented for 843

sites (S5 Table). Their majority is associated with non-intentional modes of discovery

(n = 527). Construction measures (n = 201) and the extraction of raw materials (n = 182) take

the largest share of this group. In contrast, 313 sites are linked to intentional modes of discov-

ery, mainly field surveys (n = 288).

Based on the archaeological database, 12 individuals were identified who repeatedly carried

out field surveys in the study area and discovered at least nine sites. In total, these individuals

registered 263 prehistoric and medieval sites that were used to model the surveyed territories

(Fig 5). In total, 125 Neolithic sites were used for modelling the surveyed territories. This rep-

resents 30% of all Neolithic sites registered in those territories (n = 422), and 69% of all Neo-

lithic sites discovered on the surface in these areas (n = 182). Accordingly, the field surveys

resulted in an increase in the density of Neolithic sites, especially between Gera and Zeitz

(Fig 5).

Finally, territories for aerial surveys were calculated on the basis of 74 sites south of Leipzig

and in the vicinity of Plauen. However, the aerial surveys did not affect Neolithic site distribu-

tions (Fig 5).

Fig 5. Distribution of Neolithic sites with respect to their modes of discovery against the background of areas

investigated by field surveys and aerial photography. Rivers were plotted according to the European Catchments and

Rivers network system [60]. The topography is based on the SRTM 90 m Digital Elevation Database version 4.1 [61–

63]. Topography and rivers have been modified according to older topographic maps (S2 Table). See Fig 2 for a

location of the urban areas mentioned in the text.

https://doi.org/10.1371/journal.pone.0265835.g005
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4.2 Geographical filters

4.2.1 Site distribution in relation to archaeological site visibility and preservation of

material remains. In total, there are 302 sites with pottery and 213 sites where only stone

tools have been recorded, respectively 251 sites discovered on the surface and 264 sites that

were buried at the time of their discovery (Table 1).

The majority of buried sites is located in the northern study area in the southernmost part

of the Northern German Plain, while sites on the surface are more frequent in the Central

Uplands (Fig 6A). A comparison of the material groups shows a concentration of sites with

pottery in the northern study area. In contrast, in the area around Gera and further south in

the Central Uplands there are almost exclusively sites without pottery (Fig 6B). The vast major-

ity of discovered Neolithic pottery in the northern study area was buried at the time of its dis-

covery. In contrast, in the southern Central Uplands Neolithic pottery tended to be on the

surface (Fig 6C). The distribution of sites with stone tools but without pottery shows a concen-

tration in the vicinity of Gera, and extends further south into the Central Uplands. A contrast

between buried sites and discoveries on the surface is not recognisable (Fig 6D).

Fig 6. Mapping of datasets used in random forests analyses. (a) Site depth, (b) material groups (c) depth of pottery

and (d) stone tools (Table 1). Rivers are plotted according to the European Catchments and Rivers network system

[60]. The topography is based on the SRTM 90 m Digital Elevation Database version 4.1 [61–63]. Topography and

rivers have been modified according to older topographic maps (S2 Table). See Fig 2 for a location of the urban areas

mentioned in the text.

https://doi.org/10.1371/journal.pone.0265835.g006

Table 1. Dataset used in random forests analyses.

Depth of sites Pottery and stone tools Stone tools only Sum

Discovered above the surface 96 155 251

Discovered below the surface 206 58 264

Sum 302 213 515

https://doi.org/10.1371/journal.pone.0265835.t001
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The RF model performed well with respect to the depth of the sites, showing an average

OOB estimate of the error rate of 21.35%, Kappa score of 0.59, Precision of 0.80, Recall of 0.79

and F1 of 0.79 (S6 Table). Therefore, based on the selected terrain covariates (S1 Table) the RF

algorithm could reproduce the distribution pattern of the depth of sites (Fig 6A). According to

the mean decrease accuracy, the five most important terrain covariates are (1) elevation, (2)

copper distribution, (3) the proportion of coarse fragments and (4) sand in the soils as well as

(5) the slope length and steepness factor (LS-factor).

In addition, the RF algorithm was able to reproduce the presence-absence-pattern of Neo-

lithic pottery (Fig 6B), and resulted in an average OOB estimate of the error rate of 22.64%,

Kappa score of 0.53, Precision of 0.79, Recall of 0.81 and F1 of 0.79 (S7 Table). The five most

important terrain covariates were (1) elevation, (2) copper distribution, (3) LS-factor, (4) slope

and (5) the proportion of coarse fragments in soils.

Furthermore, the RF algorithm was able to reproduce the distributions of pottery with

regard to site depth, and resulted in an average OOB estimate of the error rate of 19.40%,

Kappa score of 0.55, Precision of 0.75, Recall of 0.63 and F1 of 0.68 (S8 Table). Hence, based on

the selected terrain covariates the RF algorithm reproduced the classification of buried and

non-buried pottery (Fig 6C). The five most important terrain covariates were (1) copper distri-

bution, (2) the proportion of coarse fragments in soils, (3) elevation, the (4) wind erodible frac-

tion of the soil and (5) slope.

With regard to the distribution of (non-)buried stone tools, the RF model resulted in an

average OOB estimate of the error rate of 24.54%, Kappa score of 0.21, Precision of 0.75, Recall

of 0.89 and F1 of 0.81 (S9 Table). Accordingly, the low Kappa score demonstrates that unlike

the preceding analyses the RF algorithm could not reproduce the classification of (non-)buried

stone tools (Fig 6D) based on the selected terrain covariates.

4.2.2 Site distribution in relation to modern land use. The recorded Neolithic sites are

unevenly distributed over modern land use classes (Fig 7). According to the Chi-squared test

this observation is statistically significant (Table 2). This is mainly due to the fact that approx.

twice as many sites as expected were discovered in urban areas and mining areas. Also on arable

land the number of recorded sites exceeds the number of expected sites. In contrast, some land

use classes seem to reduce the possibility of discovering Neolithic sites, and thereby also contrib-

ute to the uneven site distribution. This is especially true for forest and grassland (Table 2).

4.3 Neolithic settlement dynamics

4.3.1 Site frequency. On average, there is a frequency of approx. 43 sites per century for

the entire Neolithic. However, strong fluctuations can be observed for the individual periods.

The Early Neolithic is characterized by a frequency of ca. 33 sites per 100 years. The transition

to the Middle Neolithic is marked by a decline to 5, followed by a massive increase to ca. 60

with the onset of the Late Neolithic.

4.3.2 Site distribution and density. The 1.5 km isolines cover about 90% of all Neolithic

sites with exact coordinates. Site concentrations are recognisable in the southernmost part of

the Northern German Plain south of Leipzig, along the Weiße Elster river between Zeitz and

Gera, and north-east of Gera. Furthermore, the 1.5 km isolines describe areas with a locally

increased density of sites in the Central Uplands. These are located in the valley of the Weiße

Elster near Plauen, north-east of that town, as well as in the area of the watershed to the river

Saale. In addition, there is a loose scattering of sites in the Central Uplands which are located

outside the 1.5 or 2.5 km isolines (Fig 8A).

Based on the 1.5 km isolines, the distribution of about 70% of the Early Neolithic sites can

be described. An elongated concentration south of Leipzig along the Weiße Elster river valley
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is recognisable. Further site concentrations can be described with the 1.5 km isolines near

Zeitz, Eisenberg and north-east of Gera. These local concentrations are connected by the 2.5

km isoline which covers 87% of the Early Neolithic sites. Far outside these isolines there are

isolated sites in the Central Uplands (Fig 8B). The majority of the Middle Neolithic sites is

loosely scattered, so that the 1.5 km isoline can only cover about 57% of the sites and the 2.5

km isoline about 77%. A rather elongated concentration along the Weiße Elster valley and a

small concentration near Zeitz are described. In addition, there are several isolated sites in a

greater distance from the Weiße Elster valley. South of Zeitz there are only very few sites dating

to the Middle Neolithic (Fig 8C). In comparison, the distribution of Late Neolithic sites covers

a larger area than the Middle Neolithic. The 1.5 km isolines cover 67% of the Late Neolithic

sites and describe several areas with a higher density: a large area along the Weiße Elster valley

Fig 7. Modern land use and Neolithic site distribution in the study area. Distribution of modern land use classes

according to CORINE Land Cover data [83]. The spatial extent of the (refilled) open-cast mines has been modified

according to older topographic maps (S2 Table; S2 Fig).

https://doi.org/10.1371/journal.pone.0265835.g007

Table 2. Distribution of Neolithic sites over modern land use.

CORINE Land Cover Spatial abundance (%) Recorded sites (n) Expected sites (n) X2 value Rec./Exp.

Urban area 9.3 134 72 54.40 1.87

Mining area/Dumpsite 7.3 118 56 68.17 2.10

Arable land 53.1 434 408 1.61 1.06

Grassland 6.0 29 46 6.37 0.63

Forest 23.9 54 184 91.66 0.29

Bog 0.0 0 0 0.00 0.00

Water body 0.4 0 3 3.08 0.00

Sum 100.0 769 769 225.28

The critical X2 value for 6 degrees of freedom is at 22.46 (significance level: 0.001%) [138].

https://doi.org/10.1371/journal.pone.0265835.t002
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and west of it, smaller areas near Zeitz, Eisenberg, Gera, and one on the watershed between the

rivers Weiße Elster and Pleiße. Overall, the distribution of Late Neolithic sites is comparable

with the Early Neolithic (Fig 8D).

4.3.3 Site Exploitation Territories (SET) and settlement dynamics. For all sites, a differ-

entiation of the Neolithic periods is possible based on the smallest SETs observed. For the

Early and Late Neolithic sites very small minimal SETs with sizes of about 0.7 km2 were identi-

fied. In contrast, the smallest SETs for Middle Neolithic sites cover areas of 1 km2. The same

pattern is true for the settlements of the three periods (Fig 9A).

While the immediate surroundings of Early Neolithic sites are on average located at an ele-

vation of 182 m a.s.l., the SETs of Middle Neolithic sites are characterised by lower elevations

(141 m a.s.l.). Late Neolithic SETs are characterised by elevations similar to those determined

for the Early Neolithic sites (176 m a.s.l.). A separate evaluation of settlement sites results in

comparable values for the Early and Middle Neolithic, i.e. 175 and 143 m a.s.l. (Fig 9B). In con-

trast, the average elevation within the SETs of Late Neolithic settlements is similar to that of

Middle Neolithic settlements (157 m a.s.l.).

With regard to slope, differences between the Early and Late Neolithic on the one hand (ca.

1.6˚), and the Middle Neolithic on the other hand (ca. 0.8˚) can be observed. In addition, the

average value for Late Neolithic settlement SETs (1.2˚) is lower than the average for all sites

from this period (Fig 9C).

By calculating the average valley depth within the SETs for all sites, the Early and Late Neo-

lithic (ca. 38 and 35 m) can be distinguished from the Middle Neolithic (27 m). However, the

average valley depth in the vicinity of Early and Late Neolithic settlements is slightly below the

Fig 8. Neolithic site densities in the study area. (a) Entire Neolithic, (b) Early Neolithic, (c) Middle Neolithic and (d)

Late Neolithic. Rivers were plotted according to the European Catchments and Rivers network system [60]. The

topography is based on the SRTM 90 m Digital Elevation Database version 4.1 [61–63]. Topography and rivers have

been modified according to older topographic maps (S2 Table). See Fig 2 for a location of the urban areas mentioned

in the text.

https://doi.org/10.1371/journal.pone.0265835.g008
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average for all sites for the respective periods. The opposite is true for the Middle Neolithic

(Fig 9D).

For all sites, an increased river distance of about 450 m can be observed with the transition

from the Early Neolithic (about 520 m) to the Middle Neolithic (980 m). For the Late Neo-

lithic, the average river distance decreased to about 820 m. The values for Early and Late Neo-

lithic settlements did not differ from those observed for all sites from the respective periods. In

contrast, the average river distance within SETs of Middle Neolithic settlements is approx. 100

m lower compared to all sites from that period (Fig 9E).

Fig 9. Analyses of site exploitation territories. (a) Size of modelled SET, (b) terrain elevation, (c) slope, (d) valley

depth, (e) river distance and (f) soils on loess and. For more information on each terrain covariate see S1 Table.

https://doi.org/10.1371/journal.pone.0265835.g009
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The descriptive statistics of the proportion of loess-soils in the SETs did not enable any dif-

ferentiation between the Neolithic periods (Fig 9F).

5 Discussion

5.1 Spatial and chronological representativeness of the Neolithic record

5.1.1 Site distribution with respect to modern land use and archaeological surveys.

Modern land use classes are not tied to archaeological criteria. Therefore, these represent an

independent sample with regard to the distribution of archaeological sites in both spatial and

chronological terms [100]. The analysis of the CLC dataset showed that urban areas, arable

land and open-cast mines are positive filters, since the surface is frequently opened up in these

areas by various activities such as construction measures, ploughing or mining. This often

leads to the discovery of buried sites (Table 2). In contrast, forest and grassland were identified

as negative filters, since they reduce the likelihood of discovering new sites due to dense vege-

tation and little to no surface disturbances. These negative filters only dominate in the higher

altitudes of the southern study area. It is important to acknowledge the widespread distribu-

tion of positive filters especially in the Central Uplands, where only few Neolithic sites have

been discovered (Fig 7).

Archaeological surveys led to an increase in Neolithic site densities between Zeitz and Gera

(Fig 8). However, this only applies to the Early and Late Neolithic. In contrast, occasional sur-

veys in the Central Uplands did not lead to the discovery of Neolithic sites in those areas. The

use of aerial photography did not affect the Neolithic site distributions.

5.1.2 Site distribution with respect to archaeological site visibility and preservation of

material remains. Kappa scores of our RF analyses between 0.53 and 0.59 were found for the

depth of Neolithic sites, as well as for the presence/absence and depth of Neolithic pottery with

respect to selected topographic, climatic, soil physical and geochemical terrain covariates (S6–

S8 Tables). These Kappa scores indicate a substantial agreement between the models and the

archaeological classifications [125, 126]. This means that the visibility of Neolithic sites and the

distribution of material groups as shown in Fig 6 were influenced by geomorphological terrain

dynamics and weathering. In this context, the most important terrain covariates were eleva-

tion–and subsequently correlated climate parameters such as temperature, frost, precipitation

etc.–, slope and the proportion of coarse fragments in soils that largely control/are partly con-

trolled by soil erosion and accumulation processes, and copper distribution that is an unspe-

cific proxy for climatic, geological and pedological factors as well as agricultural activities and

land cover [168, 169]. The only exception is the distribution of stone tools with regard to their

depth. Here, the low Kappa score of 0.21 indicates poor agreement (S9 Table), meaning that

the applied terrain covariates hardly describe the distribution of (non-)buried stone tools.

Consequently, the preservation conditions for stone tools are similar in the Central Uplands

and in the southernmost part of the Northern German Plain, since these were not significantly

influenced by the geomorphological terrain dynamics. This finding is important, since stone

tools occur at basically every Neolithic site. Hence, the distribution of stone tools can be

regarded as a reliable proxy for areas that were inhabited during the Neolithic. Furthermore,

our RF results show that despite the general plausibility of the chosen accuracy measurements

that were based on general assumptions, the parallel application of several quality measure-

ments is necessary. This is caused by their different specifics according to the data conditions.

Here, this is demonstrated by the analysis of the distribution of stone tools with regard to their

depth, since error rate, Precision, Recall and the F1-measure were in line with all previous mea-

surements and showed a positive agreement, whereas this was opposed by the low Kappa
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value. The influence of the unbalanced class distributions is evident here in the quality mea-

sures (Table 1).

Our finding that the lack of pottery in the Central Uplands (Fig 6B) possibly results from

poor local preservation conditions confirms previous speculations for the study area [170–

172]. However, also subsistence strategies must be taken into account for this phenomenon, as

well as for the generally low site densities in the Central Uplands that are a well-known phe-

nomenon in Europe [173]. In contrast to the lowlands, the economic use of low mountain

ranges was probably limited to transhumance, which tends to leave few archaeological traces

due to its seasonal character and smaller groups of people compared to sedentary farming

communities. This mobile way of life meant that only the most necessary equipment could be

taken along. Consequently, the pottery carried along also had to be reduced to a minimum

[174, 175]. Therefore, the absence of Neolithic pottery in the Central Uplands has to be consid-

ered with respect to (I) the context of local preservation conditions, and (II) an economic strat-

egy that leaves very little pottery behind and may have been practised in these landscapes.

However, further research is be needed to decide which of these two factors has a greater

impact on the Neolithic record in the study area.

5.1.3 Neolithic floodplain sites. Neolithic finds are also known from the sediments of the

Weiße Elster floodplain [176]. Originally, these Neolithic sites were most likely located on ter-

race islands or terrace peninsulas that later became part of the floodplain as we see it today

[177, 178]. However archaeological, pedological and chronological investigations [179, 180]

demonstrated that the Neolithic floodplain sites are covered by Subboreal to Sub-Atlantic silt-

clay overbank fines (floodloam). As a consequence, the site density in these areas may be

somewhat higher than current archaeological maps indicate [56]. Similarly, missing knowl-

edge about prehistoric settlement patterns due to thick coverages of prehistoric settlements

with younger floodloam are also known from other floodplains [181–183].

In a nutshell, based on an assessment of former field surveys, CLC and RF analyses, we can

confirm that apart from the distribution of Neolithic pottery and sites in floodplain areas the

site distribution in the study area reflects the Neolithic settlement dynamics quite well.

5.1.4 Chronological distribution of Neolithic sites. The uneven distribution of settle-

ments, burial sites, and stray finds over the different Neolithic periods indicates that their

archaeological identification varies between these periods (S3 and S5 Tables). Consequently,

these varying likelihoods of identifying different site categories may be one of the driving fac-

tors behind fluctuations in site frequencies (Table 3). For example, Middle Neolithic sites

might be under-represented because they were identified based on pottery that is rarely deco-

rated. To do so, the shape of largely complete vessels has to be considered for their archaeolog-

ical dating [184–189]. Hence, Middle Neolithic pottery can easily be overlooked as soon as

vessel shapes can no longer be derived from pottery fragments [41, 56, 57]. In contrast, Early

and Late Neolithic pottery is decorated with characteristic patterns, and therefore easy to iden-

tify [187–189]. Furthermore, these latter periods are associated with distinctive stone tools:

While shoe-last celts (German: Schuhleistenkeil) are typical for the Early Neolithic, faceted

axes (German: Facettenaxt) belong to the most characteristic Late Neolithic artifacts [188,

189]. Therefore, the proportion of stray finds is remarkably high for these periods and small

for the Middle Neolithic (S3 Table). Moreover, the ratio between settlements and burial sites

varies for each period, e.g., more settlements than burial sites are known from the Early and

Middle Neolithic while the opposite is true for the Late Neolithic (S3 Table). This is due to the

fact that shallow graves were common during the former periods, while the deceased were bur-

ied in mounds during the Late Neolithic [89, 90, 190]. In contrast to burial mounds, shallow

graves are hardly visible on the surface and therefore discovered usually by chance [108, 135,

191, 192]. Furthermore, the archaeological identification of Late Neolithic houses is difficult
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due to their construction techniques [90, 99, 193]. Results from excavations in Profen [193],

Seifartsdorf [194] and Lucka [195, 196] indicate that Late Neolithic settlements and burial

mounds usually exist in close proximity to each other. Accordingly, Late Neolithic settlements

are probably under-represented in the study area, especially in the south where mainly stray

finds and burials have been discovered so far. After all, various reasons could have caused the

comparatively small number of Middle Neolithic settlements: In addition to a real reduction of

settlement activities during that period, this also includes the difficulties in identifying pottery

from this period and also the fact that Middle Neolithic settlements were somewhat smaller

than settlements from the Early or Late Neolithic. Moreover, the associated features (houses,

pits, wells, etc.) are often only loosely scattered. Therefore, Middle Neolithic settlements are

most likely to be discovered during excavations of large contiguous areas. In our study area,

this was illustrated during excavations at Droßdorf [158, 197], Großdalzig [198] and Zausch-

witz [199]. Because all the discussed aspects are inherent to the Neolithic periods themselves,

these phenomena were observed archaeologically everywhere in Central Germany [33, 41, 56,

57, 101, 171, 200–204]. Finally, to assess whether the observed reduction of Middle Neolithic

compared with Early and Late Neolithic finds was real or not, independent archives of former

settlement activity would be necessary for comparisons with our settlement record. However,

so far only few pollen records with very limited stratigraphical and chronological resolution

exist in this region for the Neolithic period [101, 172, 205–208], so that such comparisons can-

not be made so far.

5.2 Local settlement dynamics and their regional context

The Neolithic settlement dynamics in the catchment of the river Weiße Elster largely match

findings from neighbouring landscapes, including the distinctive decline in Middle Neolithic

site frequencies (Table 3; Fig 10). Furthermore, it was repeatedly observed across Central Ger-

many that more elevated zones, which were less favourable for agriculture use were inhabited

Table 3. Average Neolithic site frequencies per 250 km2 in the study area and adjacent landscapes.

Neolithic

period

Erfurt Downstream

section of the

Bode river

North-

west

Saxony

Lake

Göttwitz

Gothaer

Land

Weisse

Elster

Elbe-

Saale

Region

Dresden

Elbe valley

Former district

of Riesa-

Großenhain

Dresden Elbe

vally And lower

part of eastern

Ore Mountains

Ore

Mountains

Early

Neolithic,

5500–4400

cal. BCE

10,2 3,6 4,7 3,4 3,5 2,7 1,4 3,0 2,0 1,9 0,7

Middle

Neolithic,

4400–2800

cal. BCE

2,7 1,6 1,7 0,5 0,3 0,4 1,0 0,4 0,3 0,0 0,2

Late

Neolithic,

2800–2300

cal. BCE

15,0 10,4 6,8 6,2 3,4 4,9 4,3 1,9 1,8 1,6 0,9

Area ca. 120

km2
ca. 245 km2 250 km2 430 km2 800 km2 3026

km2
4600 km2 374 km2 822 km2 400 km2 ca. 3300

km2

Reference Walter

et al.

1987

Kaufmann 1967 Wegener

2014

Hilbig

1993

Müller

1980

present

study

Starling

1983

de Vries

2013

Balfanz 2003 Jacob 1982 Christl

2004

The Vogtland has not been included, because the respective study does not provide concrete data with respect to the number of Neolithic sites discovered in the area

[171].

https://doi.org/10.1371/journal.pone.0265835.t003
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during the Early and Late Neolithic, but were largely abandoned during the Middle Neolithic

(see references in Fig 10).

These settlement dynamics are reflected in the results of our SET analyses. With respect to

elevation show that the average elevation values within the SETs dropped at the transition

from the Early to the Middle Neolithic. Although no other landscape was analysed using SET

and former statistical approaches were based on point coordinates and smaller datasets (see

references in Fig 10), our results agree with observations from other studies [33, 57, 203]. Fur-

thermore, our SET analyses point to greater average distances of Middle and Late Neolithic

settlements to rivers compared to the Early Neolithic, which is in line with former observations

[33, 57, 209]. However, site distributions with regard to valley depth were not carried out dur-

ing former studies so far. Accordingly, there is no information whether the dynamics observed

in our study area can also be seen elsewhere. In addition, our SET analyses illustrate that Neo-

lithic settlement dynamics were not linked with different proportions of soils on loess. This is

in line with observations from adjacent study areas in Central Germany [57, 101].

Another common feature with other regional studies is the concentration of the highest site

densities mostly along the floodplains of large rivers (Fig 8; S1 Fig) [23, 210]. This phenome-

non has been discussed against the background of the distribution of forests and open land,

although there are no pollen records available that can be used to reconstruct the Neolithic

vegetation coverage in Central Germany in detail [56]. Hypothetical mappings of forest and

open land have been prepared using medieval records, onomastic data and soil maps. Based

on these studies, a forest coverage is assumed for the Neolithic floodplains [210–213]. In our

study area, this is supported by tree logs especially of Quercus, but also Fraxinus, Alnus, Pinus
and Ulmus with Neolithic ages in floodplain sediments of the lower Weiße Elster valley [214,

215]. In the northern part of our study area the forest is supposed to haven been contrasted

with the adjacent loess areas, for which a thin and patchy forest vegetation is assumed [56, 97,

210, 216]. Therefore, the margins between the floodplains and the neighbouring loess-covered

Fig 10. Study areas in Central Germany mentioned in the text and in Table 3. (1) Gothaer Land [33], (2) Erfurt

[200], (3) downstream section of the Bode river [201], (4) Elbe-Saale-Region [202], (5) North-West Saxony [57], (6)

Lake Göttwitz [101], (7) former district of Riesa-Großenhain [56], (8) Ore Mountains [203], (9) Dresden Elbe valley

[41], (10) Dresden Elbe valley and lower part of eastern Ore Mountains [204], (11) Vogtland [171], (12) catchment of

the Weiße Elster river (this study).

https://doi.org/10.1371/journal.pone.0265835.g010
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slopes may have been preferred settlement areas due to economic benefits, since they offered

easy access to both fertile soils and adjacent forests. The latter could be exploited for the extrac-

tion of wood for the construction of houses and wells, or be used as fuel, hunting grounds or

for forest grazing by cattle, sheep, goats and pigs. The rivers themselves might have been used

for fishing and fresh water supply [23, 210, 217, 218]. Especially in the northern part of the

study area fresh water resources were probably rare outside the main river valleys. This could

have been caused by the relatively flat topography, leading to an extensive lack of small tribu-

tary valleys that potentially offer surface water resources by small creeks and sources. Further-

more, the climate of central Europe before ca. 5 ka was generally drier compared with today

[5], so that several small current rivers were dry during that period [106]. Altogether, this sug-

gests that these multi-purpose near-river locations were probably preferred settlement areas to

compensate economic stresses in these environments (Fig 8) [210]. Recently, this traditional

explanation was somehow challenged by large-scale excavations in our study area, during

which burial sites and settlements were discovered in the watershed areas between the rivers

Weiße Elster and Saale [193] and between the rivers Weiße Elster and Pleiße [219, 220]. How-

ever, Neolithic wells were discovered in both, the large river valleys and those regions far away

from the large valleys. In the latter areas, these, could have helped to provide water resources

for the Neolithic settlers and therefore facilitated settlement activities [220, 221].

5.3 Driving factors of the local settlement dynamics

The main drivers of Neolithic settlement dynamics are still being debated. Among other

things, it has been hypothesised that strong population growth during the Early and Late Neo-

lithic may have contributed to the settlement on lower-yielding soils in the Central Uplands

[170, 201, 202, 222]. In addition, a connection with climatic conditions has been considered: A

generally drier climate during the Early and Late Neolithic could have been compensated by

settlement activities in the more humid Central Uplands and well constructions in the south-

ernmost part of the Northern German Plain [223, 224]. In fact, most Neolithic wells in the

study area have been dated to the Early or Late Neolithic using dendrochronology and radio-

carbon dating [158]. Finally, the concentration of Middle Neolithic settlement on the lowlands

in the southernmost part of the Northern German Plain was interpreted as an indication that

the comparatively high annual temperatures and corresponding longer vegetation periods in

this landscape were of special importance for the applied subsistence strategies [99].

6 Conclusion

Based on a dataset of 1365 Neolithic sites that was compiled in the frame of a joint geoarchaeo-

logical research project in Central Germany, we combined methods of archaeological source

criticism with machine learning to discuss the large-scale Neolithic settlement dynamics in the

immediate catchment of the Weiße Elster river in Central Germany. Our research lead to the

following conclusions:

• The use of local area files (German: Ortsakten) proved to be extremely valuable. It turned

out that only half of the actually existing sites have been published so far.

• Analyses of site distributions with respect to modern land use and field surveys indicate that

the basic trends of Neolithic settlement dynamics can be derived from the recorded sites.

However, by investigating the influence of terrain covariates on the depth of sites using the

Random Forests algorithm, we demonstrate that the visibility of Neolithic sites is influenced

by geomorphological terrain dynamics: While the majority of the sites is buried in the south-

ernmost part of the Northern German Plain, the opposite is true for the Central Uplands.
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Furthermore, Random Forests algorithm is able to reproduce the distribution of sites with

(-out) pottery. These results can be explained in different ways: Firstly, the preservation of

pottery in the Central Uplands may be not as good as in the southernmost part of the North-

ern German Plain. Secondly, the low amount of Neolithic pottery in the Central Uplands

may also be a result of economic strategies that leave very little pottery behind in general.

Nevertheless, the Random Forests algorithm offers new opportunities for archaeological

source criticism, which is crucial for identifying potential biases in large archaeological data-

sets and deriving settlement dynamics.

• The distribution of Early Neolithic sites in the lowlands of the southernmost part of the

Northern German Plain and the mountainous landscape between Zeitz and Gera is charac-

terized by clusters along the Weiße Elster River. In contrast, the geographic focus of Middle

Neolithic land use was restricted to the northern lowlands, whereas the Late Neolithic site

distribution pattern resembled that of the Early Neolithic. The site frequencies are marked

by a decline in the Middle Neolithic, and a re-increase during the Late Neolithic. These

observed trends could at least partly be consequences of diachronically different properties

of the archaeological record.

• In the southernmost part of the Northern German Plain, Neolithic land use generally took

place at the transition between the floodplain of the Weiße Elster River and loess-covered

soils outside the valley. These settlement patterns are common in Central Germany, and

were explained with environmental economic factors. However, both settlements and burial

sites have been discovered recently in the watershed areas between Weiße Elster and Saale

River as well as between the rivers Weiße Elster and Pleiße. Accordingly, the low site densi-

ties in greater distances from rivers might be a reflection of a lack of research.

• Analyses of SETs essentially reflect the settlement dynamics between the southernmost part

of the Northern German Plain and the Central Uplands. Early Neolithic settlements were

located closer to river valleys, and were situated in relatively elevated areas above the river

valleys. In contrast, settlements dating to later periods were not located as high above the

river valleys, but in larger distances from the latter. However, Neolithic settlement dynamics

were not linked with different proportions of soils on loess.

• We identified potential for future research in the region: Numerous Neolithic sites in the

surroundings of Gera could not be assigned to any period so far, but might be re-dated by

means of archaeological methods. Moreover, the Late Neolithic in the Central Uplands is

mainly known through burials and stray finds.

Generally, our study demonstrates the high value of systematic studies of diachronic

archaeological settlement patterns to understand varying regional human activity in space and

time. However, since such records can show different properties and sensitivities through

time, complementary studies of other environmental or historic archives documenting

regional human impact could help to identify possible intrinsic biases. In the future comple-

mentary environmental archives will be analysed to get deeper insights into early settlement

processes and their environmental background. A key question than will be to which degree

human activities and climatic factors were responsible for fluvial soil deposits.
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gische Taschenbücher 10. Münster: Waxmann; 2013. pp. 101–137.
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einer Landschaftsarchäologie, Bericht der Römisch-Germanischen Kommission. 2005; 85:37–95.

143. Zimmermann A, Hilpert J, Wendt KP. Estimations of Population Density for Selected Periods Between

the Neolithic and AD 1800. Hum Biol. 2009; 81:357–380. https://doi.org/10.3378/027.081.0313 PMID:

19943751

144. Higgs ES. Papers in Economic Prehistory. Studies by Members and Associates of the British Acad-

emy Major Research Project in the Early History of Agriculture. Cambridge: Cambridge University

press; 1972.

145. Higgs ES. Palaeoeconomy: being the second volume of Papers in Economic Prehistory by members

and associates of the British Academy Major Research Project in the Early History of Agriculture.

Cambridge: Cambridge University press; 1975.

146. Jarman MR, Bailey GN, Jarman HN. Early european Agriculture. Its foundation and development:

being the third volume of Papers in Economic Prehistory by members and associates of the British

Academy Major Research Project in the Early History of Agriculture. Cambridge: Cambridge Univer-

sity press; 1982.

147. Vita-Finzi C, Higgs ES. Prehistoric Economy in the Mount Carmel Area of Palestine: Site Catchment

Analysis. With Contributions by D. Sturdy–J. Harriss–A. J. Legge–H. Tippett. Proceedings of the Pre-

historic Society. 1970; 36:1–37. https://doi.org/10.1017/S0079497X00013074

148. Higgs ES, Vita-Finzi C. Prehistoric economies: a territorial approach. In: Higgs ES, editor. Papers in

Economic Prehistory. Studies by Members and Associates of the British Academy Major Research

Project in the Early History of Agriculture. Cambridge: Cambridge University press, Cambridge;

1972. pp. 27–38.

149. Jarman MR. A territorial model for archaeology: a behavioral and geographical approach. In: Clarke

DL, editor. Models in Archaeology. London: Methuen; 1972. pp. 705–733.

150. Becker D, De Andrés-Herrero M, Willmess C, Weniger GC, Bareth G. Investigating the Influence of

Different DEMs on GIS-Based Cost Distance Modeling for Site Catchment Analysis of Prehistoric

Sites in Andalusia. ISPRS Int J Geoinf. 2017; 6:36. https://doi.org/10.3390/ijgi6020036

151. Schmidt I, Hilpert J, Kretschmer I, Peters R, Broich M, Schiesberg S, et al. Approaching prehistoric

demography: proxies, scales and scope of the Cologne Protocol in European contexts. Philos Trans R

Soc Lond B Biol Sci. 2020; 376:20190714. https://doi.org/10.1098/rstb.2019.0714 PMID: 33250025

152. Jarman MR, Vita-Finzi C, Higgs ES. Site catchment analysis in archaeology. In: Ucko PJ, editor. Man,

settlement and urbanism: proceedings of a meeting of the research seminar in archaeology and

related subjects held at the institute of archaelogy. Gloucester Crescent: Duckworth; 1972. pp. 61–

66.

153. Jarman MR. Prehistoric economic development in sub-Alpine Italy. In: Sieveking G de G, Longworth

IH, Wilson KE, editors. Problems in Economic and Social Archaeology. London: Duckworth;

1976. pp. 523–548.

154. Kreuz AM. Die ersten Bauern Mitteleuropas. Eine archäobotanische Untersuchung zu Umwelt und
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in fünf linienbandkeramischen Brunnen in Westsachsen. Offa. 2013; 69/ 70:265–293.

158. Kretschmer S, Viol P, Herbig C, Muigg B, Tegel W, Tinapp C. Der Fundplatz Droßdorf im Tagebaufeld

Peres (Lkr. Leipzig). Ein früh-, mittel- und spätneolithisches Siedlungsareal mit zahlreichen Brunnen.

Ausgrabungen in Sachsen. 2016; 5:30–57.

159. Schell F, Herbig C. Ein linienbandkeramischer Brunnen im Labor: Die Ausgrabung einer Blockbergung

(Bef. 3682) aus Droßdorf (Lkr. Leipzig). Ausgrabungen in Sachsen. 2018; 6:16–36.

160. Ahlrichs JJ, Gries P, Schmidt K. Distance relationships or does distance matter–a non-isotropic spatial

relationship by integrating human energy expenditure in terrain based estimations–Seamless workflow

for defining archaeological Site Exploitation Territories (SET) by using the open source (geo-)statistical

language R. Collaborative Research Center 1070 –Geoscientific and archaeological research. Techni-

cal note. 2016; 3. [Cited 2021 November 24]. Available from: https://uni-tuebingen.de/en/91679

161. Tobler WR. Three presentations on geographical analysis and modelling: non-isotrophic modelling,

speculations on the geometry of geography, global spatial analysis. National Center for Geographic

Information and Analysis. Technical Report 93–1. 1993 [Cited 2021 November 24]. Available from:

https://escholarship.org/uc/item/05r820mz

162. Gorenflo LJ, Gale N. Mapping Regional Settlement in Information Space. J Anthropol Archaeol. 1990;

9:240–274. https://doi.org/10.1016/0278-4165(90)90008-2

163. Herzog I. A review of case studies in archaeological least-cost analysis. Archaeologia e Calcolatori.

2014; 25:223–239.

164. Imhof E. Gelände und Karte. Zürich: Rentsch; 1950.
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schungsberichte zur sächsischen Bodendenkmalpflege. 1989; 33:11–226.
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Leipzig. Geoarchäologische Erkenntnisse zur stratigraphischen Position archäologischer Fundstellen
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Gebiet und in der Altmark: Eine Übersicht und ein Abriß zum Stand der Forschung. Beiträge zur Ur-
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(Lkr. Leipzig) im Tagebaufeld Peres: Ein erster Überblick. Ausgrabungen in Sachsen. 2014; 4:43–53.
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